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ABSTRACT

The aim of this paper is to analyze the effect of the process parameters on the coefficient of friction (COF) in the
single-point incremental forming process. This investigation may be useful for further FEM analyses where the tool
-workpiece contact must be set appropriately to obtain adequate results. The friction was analyzed between a solid
tungsten carbide 28 hemispherical ended tool with a radius of 4 mm and a grade 2 pure titanium sheet. As a lubri-
cant, 10W40 engine oil was used. The experiment was of a central composite design and 20 runs in random order
were carried out. The influence of input factors, namely spindle speed, tool feed and incremental step depth, was
analyzed for the COF response. Two type of equations founded in the literature have been acquired to calculate
COF values. An investigation of COF analysis was done for initial tool contact, the first tool full depth contact and
stabilized forming region. Additionally, single components of the horizontal force (X-axis and Y-axis) were taken
into account. Analysis of variance shows that there is no correlation between the input factors and the COF re-
sponses. However, the mean model fitted to the results obtained allows for the prediction of the COF by using the
vertical force component and only one horizontal force component. The resulting mean value of the COF between
the tool and the workpiece equals 0.4 for Eq. (1) initial contact, stabilized forming: Eq. (1) 0.656 and Eq. (2) 0.469.

Keywords: single point incremental sheet forming; coefficient of friction; titanium sheet; solid tungsten carbide

1. Introduction

Titanium alloys are widely used in aerospace,
automobile, orthopaedic and dental applications because of
their excellent corrosion resistance and high strength to
weight ratios. Single point incremental forming (SPIF) is a
flexible forming process with a lot of benefits compared to
conventional sheet forming. The SPIF of titanium and its
alloys plays an important role in modern manufacturing
techniques, enabling the production of complex forms at
low production costs [1]. A wuniversal toolkit allows
different shapes to be obtained, which leads to flexibility in
production and a reduction in tooling costs. In addition, it
is possible to achieve a greater strain. However, this
process is only profitable in small batch production when
forming metallic [2,3], polymer [4] and composite [5,6]
sheets. The main advantages of SPIF include [7,8]: the
possibility of forming elements on a conventional CNC
machine (lathe or milling machine) and quick and easy
changes to the geometry of the formed elements.

In the SPIF process, the round-shaped forming tool
gradually forms the sheet by making an integrated
movement around the fixed edge of the workpiece. Then,
the tool makes an in-depth movement by a specified step
size ap and forms the shape of the component by moving
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along the next horizontal trajectory with a feed rate f [9,10].
In SPIF, friction plays a crucial role in tool-workpiece
contact [11]. Friction not only affects the formation limit,
but also affects the surface quality of the formed parts [12-
14]. Surface quality is given serious attention in metal
construction because it affects not only the aesthetic
appearance of the components, but also the performance
and life span.

The lubricants used during SPIF correspond to those
used in conventional sheet forming processes and are
mainly adapted to the pressure values, the material grade
of the workpiece-tool material pair and the tool rotational
speed [15,16]. Among the many factors affecting the
possible use of the incremental sheet forming (ISF) method
and forming accuracy, the technological parameters (e.g.,
tool diameter, step size, tool rotational speed, friction
conditions), mechanical parameters of the workpiece (e.g.,
work hardening, anisotropy of the material, Young's
modulus) and factors resulting from the product design
(e.g., sheet thickness, geometry of drawpiece) [17,18]
should be indicated. Higher rotational speeds of the tool
allow the application of greater plastic deformations of the
sheet material without the risk of cracking and are used to
form thin sheets with limited plasticity [19,20].
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Table 1. Chemical composition of the test material (wt.%)

o Fe N C Ti
0.23 0.12 0.009 0.009 balance
Table 2. Basic mechanical properties of grade 2 pure titanium sheets
Ultimate
Density, Delivery Modulus of  Yield strength,
ASTM tensile
g/cm3 condition elasticity, GPa MPa
strength, MPa

Grade 2 4.50 Annealed 100 330 430

Table 3. Selected properties of the material selected for the forming tool

Bending
Density, Tungsten Grain size, Hardness
Grade (ISO) Co, % strength,
g/cm3 carbide, % um HV30
MPa
K30-K40 14.45 90 10 0.6 3600 1610

i

(a)

(b)

Figure 1. Surface roughness results: a) forming tool tip at radius, b) titanium sheet blank.

The problem of ensuring appropriate forming
conditions is related to the contact of a relatively low
strength with a tool of high hardness and strength [21].
Lubricants differ in many characteristics, such as
consistency (i.e., liquid, paste), density and viscosity.
Gulati et al. [22] studied the SPIF of EN AW-6063
aluminium alloy sheets under conditions of dry friction,
lubrication with solid grease and with the use of a cutting-
tool lubricant. Using the analysis of variance, the process
parameters affecting the surface roughness of the
drawpieces were determined. It was found that solid
grease significantly affects the roughness of the product
compared to forming in dry friction conditions. In the case
of rubbing of rough surfaces, the solid lubricant forms a
layer between the tool and the sheet, limiting the metallic
contact of the surface asperities [22]. Wei et al. [23] studied
the effects of processing on the roughness of the interior
surface and the friction indicator on the interface of the
tool/sheet during the incremental forming of the
aluminium sheets. The results of the analysis show that the
friction and roughness indicators are similar in response to

changes in the input parameters. Furthermore, a
relationship between coefficient of friction and the surface
has been presented by the authors. In their work, the
greater the COF the higher the surface roughness.
However, there is a lack of extended research in the this
kind of topic in case of SPIF. Cai et al. [24] investigated
numerical simulations in ABAQUS with experimental
validation. The authors found that the coefficient of friction
(COF) affects the temperature in the forming zone. The
greater the COF, the higher the temperature of the tool.
Based on the results of grey relational analysis, Patel et al.
[25] conclude that solid lubricant plays a key role in SPIF at
low spindle speeds, while liquid lubricant is preferred at
high spindle speeds. Studies of the effect of several
lubricants on the surface finish quality of EN AW-1050-T4
aluminium alloy drawpieces show that the greater the
hardness of the sheet material, the lower the viscosity of
the lubricant required. Xu and Yao [26] applied a Box-
Behnken design to examine the effect of input factors such
as tool diameter, layer feed, spindle speed, feed speed and
forming angle on the COF response. The authors carried
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dynamometer

(@)

(b)

Figure 2. a) Test stand dedicated to measuring force during the incremental forming process, b) CNC path with drawpiece

dimensions (in mm).

Table 4. Experiment range for the input factors

Factor name Coded Low value High value
Spindle speed v, rpm A -600 600
Feed rate {, mm/min B 500 2000
Incremental step depth a,, mm C 0.1 0.5

tool

sheet

I Fry

sheet

Fy tool

Figure 3. Force components during: a) initial contact stage (Fz=40-60 N) b) stabilized forming.

out 46 SPIF runs for EN AW-1060 sheets formed using a
solid carbide hemispherical tool. Furthermore, the COF
results were imported into a finite element model and
validated. Due to the high-accuracy of Kistler
measurement equipment, the experimental force results
were similar to those from finite element-based
computations. The authors propose a regression model
that describes the response of COFs to input factors, with
the tool diameter being the most influential. Najm and
Paniti [27] used an artificial neural network to explore and
determine the formability of the workpiece and the
geometry of the forming tools. They also determined an
analytical equation for each output based on the extracted
weight and bias of the best network prediction. The
characteristics of the tools were found to play an essential
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role in all predictions and fundamentally impact the final
products. Najm et al. [16] studied the diameter of the
effects of the forming tool, the speed of the tool, the feed
rates and the type of coolant on the hardness of EN AW-
1100 aluminium alloy sheets in SPIF. The effects of various
coolant oils and greases were studied using the same feed
rates. It was found that when a coolant oil was used, the
hardness increased, and when grease was applied, the
hardness decreased. Pepelnjak et al. [28] manufactured a
X6Crl7 stainless steel denture base plate of a complete
maxillary denture to replace a traditional prosthodontic
procedure based on a lost-wax technique. Conventional
mineral oil was used as the lubricant. The experimental
tests related to the surface roughness of the inner surface of
the drawpiece show a significant influence of step size on
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Figure 4. (a) A successfully formed drawpiece (run 12) and (b) a failed drawpiece (run 15)

the surface quality. Sbayti et al. [29] investigated the SPIF
process of a TibAI4V titanium alloy acetabular cup at high
temperature using FE-based simulations and an
optimization procedure. The effects on the final part of
four key process parameters, particularly the COF, the
processing temperature, the step depth and the tool
diameter, were analyzed. The computational results prove
that moth-flame optimization, multiverse optimization and
Harris Hawk optimization are very competitive in
geometry optimization. Popp et al. [30] studied the sheet
metal bending mechanism in the SPIF of AlICu4PBMgMN
aluminium alloy drawpieces using an FE-based method
analysis. It was found that the shape of the retaining rings
has a large influence on the final geometrical accuracy of
the parts manufactured using SPIF. Rosca et al. [31]
conducted an experimental study on the effect of the main
technological factors, such as vertical step and the tool
diameter, on the robotized SPIF of A3 deep-drawing steel
sheets. They estimated the effect of the tool diameter and
vertical step on thickness reduction and springback and
found that the springback increases with an increasing
vertical step but is less influenced by the tool diameter.
Many of the research focuses on incremental sheet-
forming parameter optimization for pure titanium sheets.
Hussain et al. [32] found that an increase in feed rate or
incremental step depth decreases formability, while a
greater tool diameter improves. Veera ajay [33] confirmed
that those input factors seem to be the most influential on
process parameters such as surface roughness, wall angle
and thickness. Elevated tool relative velocity has been
found to be important for the formation of forces and for
the formation success (without crack) [34]. Other
researches focus on microstructure effect after SPIF pure
titanium sheets. Kumar et al. [35] investigated the
magnitude and state of residual stresses after the forming
process for a commercially pure titanium grade 2. They
found that with increasing wall angles and incremental
step depth, the residual tensile stresses became higher.
Mishra et al. [36] analyzed microstructure and texture
evolution, found that prismatic slip is dominant for SPIF
pure titanium, while the occurrence of twinning depends
on many parameters and is heterogeneous. The effect of

tool rotation on the mechanical properties and
microstructure was analyzed by Yoganjaneyulu et al. [37].
The authors founds that grain orientation and elongation is
along incremental step depth and tool rotation does not
effect to grain size. However, elevated rotation of the tool
causes strain hardening effect by increasing the density of
dislocations.

Literature analysis shows that research on SPIF of pure
titanium sheets is mainly focused on determining the
influence of input parameters on the geometrical accuracy
and mechanical properties of the drawpieces. Studies of
friction conditions in SPIF quantified by the value of the
COF are niche. Therefore, in this research paper, the
influence of basic SPIF input parameters, namely spindle
speed, tool feed rate and incremental step depth, on the
COF between a solid carbide hemispherical tool and grade
2 titanium sheet has been investigated.

2. Materials and Methods

Friction analysis during the SPIF process has been
investigated between a commercially pure titanium grade
2 sheet and a tungsten carbide grade ISO K30-K40 tool.
Ultra-micrograin K30-K40 grade with high toughness is
particularly recommended for rotating tools for the
machining of titanium and titanium alloys. The workpiece
sheet was produced by Timet (Toronto, OH, USA). The
chemical composition of the sheet metal material based on
the manufacturer’s card is listed in Table 1. The initial
sheet thickness was 04 mm and its basic mechanical
properties are presented in Table 2. The tool was made of
an 8 mm diameter rod with a hemispherical end with a
radius of 4 mm. Table 3 presents the selected properties for
the tool material provided by the manufacturer. The
surface roughness of the hemispherical forming tool (Fig.
la) and titanium sheet blank (Fig. 1b) were measured
before the forming experiment by using Keyence Digital
Microscope VHX-7000. The surface parameters are: Sa =
1.36 pm, Sz = 11.77 pm for hemispherical tool tip and Sa =
1.27 um, Sz = 9.67 um for as-received sheet blank.

A 3-axis Makino PS95 CNC milling machine was
selected to carry out the experiment. The sheets were
clamped in a special fixture located on a Kistler
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Tomasz Trzepiecinski and Marcin Szpunar, Prediction Of The Coefficient Of Friction In The Single Point Incremental
Forming Of Trucaed Cones From A Grade 2 Titanium Sheet

Table 5. The experiment’s input factors with COF response values.

A: Spindle B: Feed rate f C: Incremental ECO(I;) ECO(I;) ECO(I;) cor CoF
fun spee: v, rpm mm/min step depth 2 Ircllitial Sta:ilized Sta:ilized Fa. () Eq-()
e contact forming forming Xmax - Ymax
1 0 1250 0.563 0.56 crack crack crack crack
2 0 1250 0.300 0.39 crack crack crack crack
3 790 1250 0.300 0.38 0.62 0.43 0.65 0.64
4 -200 1250 0.300 0.33 0.72 0.54 0.72 0.73
5 200 2237 0.300 0.3 crack crack crack crack
6 200 1250 0.300 0.34 crack crack crack crack
7 -790 1250 0.300 04 0.66 0.47 0.63 0.61
8 0 1250 0.037 0.51 crack crack crack crack
9 0 263 0.300 0.37 crack crack crack crack
10 400 1250 0.300 0.37 0.65 0.46 0.65 0.64
11 600 500 0.500 0.34 0.65 0.46 0.66 0.66
12 -600 500 0.500 0.41 0.6 0.40 0.61 0.61
13 -400 1250 0.300 0.44 0.69 0.51 0.72 0.71
14 600 2000 0.500 0.28 0.63 0.44 0.64 0.64
15 600 2000 0.100 0.49 crack crack crack crack
16 600 500 0.100 0.31 0.63 0.44 0.66 0.67
17 -600 2000 0.100 0.42 0.64 0.45 0.65 0.67
18 0 1250 0.300 0.44 crack crack crack crack
19 -600 500 0.100 0.43 0.67 0.49 0.7 0.69
20 -600 2000 0.500 0.48 0.71 0.53 0.74 0.74

dynamometer table to measure the process outputs of the 3
-axis forces (Figure 2a). A conical frustum drawpiece with
a wall angle of 45° was determined as the shape of the
specimen (Figure 2b). A 10W-40 semi-synthetic oil was
deposited to improve lubrication between the tool and the
workpiece.

The ranges for the parameters in the experiment (Table
4) were determined by the literature review and
preliminary trials. A central composite design was selected
as the experiment plan. As input factors, spindle speed,
tool feed and incremental step depth were determined,
which resulted in the 16 runs presented in Table 5 (14 runs
on the corners, two points in the cube center). An
additional four runs were included in the experiment to
accurately describe the effect of the influence of tool
rotation. Siemens NX PLM software was used to generate
the model geometry, then to create the CNC path and
finally the CNC file for the milling machine. Twenty
planned drawpieces were formed in the SPIF process, one
by one in a randomly generated order.
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The value of the friction coefficient was determined
according to the following equation [38, 39]:

fFXZ +F,°

F,?

u= &)

where: F. and F, are the horizontal (in-plane)
components of the forming force and, F, is the axial
components of the forming force.

Equation (1) enables the prediction of the COF by
entering the axial and horizontal forces during the SPIF
process. This equation has been widely used by many
researchers. Shin [40] in his dissertation presented that the
friction coefficient does not affect axial force more than
10% by FEM analysis. However, the higher the COF, the
greater horizontal forces were observed. Durante et al. [41]
carried out COF using this equation in sliding tests
between an ISF tool and 20 mm wide specimens. Hamilton
[42] in his thesis work obtained the same equation, which
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(a)

(d)

§)

was further applied and successfully confirmed with FEM
analysis by Li et al. [43].

Equation (1) has been applied to the early stage of
forming where the horizontal force component (Fxy) is
responsible for the friction, while the axial force
component (Fz) represents the normal reaction (Fig 3a).
The data obtained from the dynamometer was filtered to
the range where the axial component equals from 40-60 N.
From the filtered range, Eq.(1) was applied, then the mean

(b) | )

(f)

W 0

(k) 1)

Figure 5. View of the inner surface of the drawpieces for run numbers (a) 3, (b) 4, (c) 7, (d) 10, (e) 11, (f) 12, (g) 13, (h) 14, (i) 16,
()17, (k) 19, (1) 20

of the results was taken to further analysis. In addition, a
trial of COF investigation by Eq.(1) was also prepared for
the tool full depth plunge and stabilized forming region.
Such a calculation may be inaccurate due to the fact that
some part of the horizontal component is also responsible
for the normal reaction rather than friction (Fig. 3b).
Separate analyses have been carried out for stabilized
forming region by independently selecting the maximum
single component of the horizontal force for the X and Y

TRIBOLOGIA - Finnish Journal of Tribology 1-2 vol 40/2023
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Figure 6. Forces outputs and COFs Eq. (1) calculated for the formation time (run 17): I - tool approach stage, II - stabiliza-
tion of the forming process, III- stable forming zone, IV - tool retraction stage
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Figure 7. Comparison between two equations (1) and (2) that describe the friction coefficient during the SPIF process for run
#17 with a COF read for stabilized forming region.

axes. drawpiece wall angle (a) is included and the relationship
The equation proposed by Xu et al. [44] was also used  between the horizontal and vertical force can be estimated

as a comparison for the stabilized forming region. The by:

authors proposed a calculation where the angle of the
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B I'[:F‘: + F}r:) b m53%
= ‘J Fz'_'

where: Fx and Fy; are the horizontal (in-plane)
components of the forming force and, F, is the axial
components of the forming force and a is the angle of the
cone - in current experiment 45°.

—sin?= &)

2

3. Results and Discussion

Table 5 presents the values of the COF determined for
individual experiments. The average COF for the stabilized
region is between 0.6 and 0.74 for Eq. (1) and 0.43 and 0.54
for Eq. (2) respectively. A crack mainly occurred in the
bottom zone of the drawpiece (Figure 3b), where the
material was the thinnest and most work hardened. The
properly shaped drawpieces were characterized by an
outer surface with an ‘orange peel’ effect (Figure 4a).
Orange peel is a surface defect that occurs in SPIF when
the tool is in intimate contact with one side of the
workpiece. Due to the anisotropic character of the sheet
metal fabricated in a rolling process, neighboring grains at
the surface tend to thicken or thin differently, giving a
roughened look.

Although the COF values were in a similar range of
between 0.6 and 0.74, significantly different inner surfaces
of the drawpieces were obtained (Figure 5). The results
show that the complexity and roughness of the formed

surfaces changed with changes in the input parameters.
The formation of characteristic surfaces, which can be
described by fractal theory [45], can be explained by the
fact that the increase in step size may have different effects
on the surface. Increasing the step size can cause chatter
due to the higher rate of strain, increasing the complexity
of the surface texture. However, a higher incremental step
depth results in step marks on the surface with a larger
step distance. A higher feed rate results in a larger pitch
spacing of the marks on the deformed surface. A lower
feed rate results in the formation of machining traces with
a smaller height. On the other hand, marks with greater
height are moderated by a combination of high
incremental step depth and feed rate. The highest surface
uniformity was observed for the drawpiece formed in run
20.

Figure 6 presents the vertical and horizontal force
components and the COF for Eq. (1) during the formation
time for run 17. Four stages can be designated for the plot.
Stage I - pre-forming, when the tool initializes contact with
the sheet. In this part, unstable conditions do not allow
proper estimation of the COF. Stage II - stabilizing forming
conditions. In this stage, the tool plunges until it reaches
full contact depth and the forming temperature also
stabilizes. Stage III - the process is under steady
conditions. This part is suitable for measuring the COF
during the ISF process. Stage IV - unstable tool retraction

>
Oy

1,17

The initial tool contact
Fz=40-60 N
mean=0.42

COF

The first full depth tool
contact from the time=65s
mean=0.44

& B
Force [N]

MRV RV W W

0.1

——— COF equation (1)
Axial force component (F2)

T T
25 30

T
45

T T T T T
60 70 75 a0 85

Time[s]

Figure 8. Zoomed area of Figure 7 beginning for the Eq.(1) where initial contact (COF=0.42) and the first full contact depth of

the tool (COF = 0.44) exist.
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Figure 9. Extreme horizontal force components with respect
to the tool position.

conditions. In this part of the path, the tool requires high
acceleration values from the machine axis due to the tool
path restricting it until it reaches the drawpiece axis. The
last peak on the plot in this stage represents an overlap of
the tool with the drawpiece radius. In that area,
measurement of COF value may be burdened with error
caused by vibration of the entire instrumentation and
unstable conditions. This part shouldn’t be considered into
analysis. The mean values of the COF listed in Table 5 have
been determined for the stabilized forming conditions
(Stage II) and steady conditions of the COF (Stage III).

In the next step, both equations (1) and (2) were applied
in the extraction of COF values from the acquired data.
Figure 7 presents the calculated COFs in forming period
time for run #17 under steady conditions. The difference in
the whole experiment between equations (1) and (2)
fluctuate from 0.18 to 0.2 for stage III (stabilized forming
conditions).

To observe the differences between COF in the initial
tool contact and the first full-depth tool, several COF data
were analyzed. As an example, Run #17 was presented.
The COF plot for Eq.(1) was cut to 90 seconds and both
types of contact were examined. Initial tool contact was
determined as the axial force component range from 40 N
to 60 N. For the forming parameters feed rate 2000 mm/
min and incremental step depth 0.1 mm, the tool will
achieve the first full depth contact after 65 s from the
beginning of the forming. Figure 8 shows the difference
between both contacts. The differences for the runs were
less than 0.04 and may be considered negligible comparing
to discrepancy up to 0.39 between the COFs: initial tool
contact and stabilized forming.

Determination of the COF using only one horizontal
force component was also investigated for the stabilized
forming region. Four extreme tool locations can be
established, two where the X-axis force component exceeds
the maximum and two for the Y-axis (Figure 9). By
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selecting only these extreme components of the horizontal
force measurements, the COF was estimated (Figures 10
and 11).

For the current experiment, the significance of the
regression model was evaluated by calculating the
statistics F at a p-value = 0.05 and correlation level 0.7. This
means if p-value of the created model is higher than 0.05,
the model should be rejected. The correlation level above
0.7 means that there is a significant correlation. A simple
correlation test was executed between the results of the
experiment. A low interaction was found between spindle
speed, tool feed, incremental step depth and COF
responses. However, high correlation values were
observed between the COF Eq. (1) Initial contact, Stabilized
forming: COF Eq. (1), COF Eq. (2), Xmax COF and Ymax
COF (Figure 12).

In the next step, an analysis of variance (ANOVA) was
performed for the COF values obtained to examine the
influence of factors such as spindle speed, tool feed and
incremental step depth on the COF output. At the
beginning, four models were summarized: quadratic, two-
factor interaction (2FI), linear and mean (Table 6).

However, only the mean model was characterized by a
p-value less than 0.05. The quadratic model seems to be the
next model to consider, but this model will be aliased,
which means that it cannot accurately fit this design and
should not be considered for analysis. A trail of quadratic
model applications was performed. The ANOVA for the
quadratic model is shown in Table 7. The model F-value of
4.64 means the model is not significant in relation to the
noise. A backward elimination algorithm was applied. This
procedure discards input factors whose p-value exceeds
more than 0.05, starting with the highest model sources.
This elimination may improve the total p-value of the
model. However, the algorithm eliminated all input factors
that remained at the mean model level.

Finally, the mean model was used for each COF
response (Table 5). A sequential p-value higher than 0.05
for the rest of the summarized models informs that each of
the input factors (spindle speed, incremental step depth,
step size) is not significant for the COF result in the
experimental range.

4. Conclusions

In this paper, the COF between a tungsten carbide tool
and a grade 2 titanium sheet was investigated during the
SPIF process. A central composite design was analyzed.
The following conclusions can be drawn from the research:

0  The input factors included in the experiment, such
as: spindle speed, feed rate and incremental step
depth in the selected range of the research, have no
effect on the COF value by both presented equations
and measured in the two stages of forming or on the
Xmax COF and Ymax COF.

0  The four zones for the COF plot can be specified: I -
tool approach stage, II - forming process
stabilisation, III- stable forming zone, IV - tool

12
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Figure 10. Plot presenting the extreme values of the X-axis force and calculation of the Xmax COF
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Figure 11. Plot presenting the extreme values of the Y-axis force and calculation of the Ymax COF
retraction stage. (the tool approach and retract).

0  The III zone seems to be the most favorable for 0 High correlation values were found between the
estimating COF values due to stabilization of the response outputs in the stabilized forming area:
forming conditions. Zone II can also be used for the COF, Xmax COF and Ymax COF (R2 =0.997 up to
COF estimation during initial contact between the R2 =0.999), which implies that only one horizontal
tool and sheet. Zones I and IV should be excluded force component with a vertical force component
from the analysis due to very unstable conditions may be enough to estimate the COF in the SPIF
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Figure 12. Correlation test results.
Table 6. Fit summary for comparison of the different models
Sequential
Source Adjusted R? Predicted R? Decision
p-value
Mean <0.0001 Selected
Linear 0.6027 -0.1043 -1.2172
2F1 0.5162 -0.1622
Quadratic 0.0532 0.7259 Aliased - check

process.

The mean COF value for Eq. (1) initial contact is 0.4
with a standard deviation of 0.074, for Eq. (1)
stabilized forming obtained in the analysis of both
the vertical and horizontal forces is 0.656 with a
standard deviation of 0.036, while the mean COF for
the Eq. (2) stabilized forming achieves 0.469 with
0.043 standard deviation, Xmax horizontal
component the Xmax COF = 0.669 with a standard
deviation of 0.041 and for the Ymax component it is
0.668 with a standard deviation of 0.043.

The differences between the COF Eq. (1) initial
contact and COF Eq. (1) the first full tool depth
contact (0.04) may be insignificant compared to the
COF Eq. (1) stabilized forming. The difference in
those COF reach up to 0.39. The authors suppose
that these apparent discrepancies result from the
temperature variation in a tool-workpiece contact
zone. However this hypothesis must be validated in
the future by proper measurements or FEM analysis.

Future research should focus on finite model analysis
with regard to the COF obtained. Forming conditions

TRIBOLOGIA - Finnish Journal of Tribology 1-2 vol 40/2023

should be compared in terms of the forming forces and the
shape accuracy achieved. In addition, different tool shapes
should be considered in the analysis as well as different
drawpiece angles and lubrication types.
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Table 7. ANOVA table for the quadratic COF equation (1) Stabilized forming model

Sum of Degrees of
Source Mean square F-value p-value
squares freedom
Model 0.0134 8 0.0017 4.64 0.1170
A-Spindle speed 0.0051 1 0.0051 14.11 0.0330
B-Tool feed 0.0004 1 0.0004 1.23 0.3491
C-Incremental
0.0018 1 0.0018 5.00 0.1114
step depth
AB 0.0041 1 0.0041 11.32 0.0436
AC 0.0018 1 0.0018 5.00 0.1114
BC 0.0048 1 0.0048 13.30 0.0356
A? 0.0028 1 0.0028 7.86 0.0677
B2 0.0029 1 0.0029 8.15 0.0648
C? 0.0000 0
Residual 0.0011 3 0.0004
Correlation total 0.0145 11
Table 8. Mean models for COF responses
Standard
Response Model Observations Minimum Maximum  Mean
deviation
COF Eq. (1)
Mean 20 0.28 0.56 0.4 0.074
Initial contact
COF Eq. (1)
Mean 12 0.6 0.72 0.656 0.036
Stabilized forming
COF Eq. (2)
Mean 12 0.4 0.54 0.469 0.043
Stabilized forming
Xmax COF Egq. (1) Mean 12 0.61 0.74 0.669 0.041
Ymax COF Egq. (1) Mean 12 0.61 0.74 0.668 0.043
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